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1 Introduction 


The recent discovery of the top quark at the Tevatron [ [|, || was a further impor¬ 
tant step in establishing the Standard Model of the elcctroweak interaction (SM). The 
experimental values for the top-quark mass m t = 176 ± 8 ± 10 GeV from CDF[ [IJ and 
m* = 199l2i ±22 GeV from D0[j2| have been found to be in very good agreement with the 
SM prediction of m t = 173^3 GeV based on precision tests at LEP1 [ ]!|. A precision 
measurement of the top-quark mass together with the accurate value for the W-boson 
mass to be expected from LEP2 will allow to derive indirect limits on the mass of the 
SM Higgs boson. Moreover, many properties of the top quark such as its width and its 
couplings still remain to be studied experimentally. 

For precision measurements of the properties of the top quark, electron-positron col¬ 
liders are much better suited than proton-(anti-)proton colliders [ fj. The analysis of the 
process e + e _ —> tt will allow to determine the top-quark mass at the level of 0.3%, the 
magnetic dipole moments of the top quark at the few-percent level, and even the Higgs 
Yukawa coupling to the top quark. 

Using Compton backscattering of laser photons off high-energy electrons, a e + e~ col¬ 
lider can be turned into a 77 collider [ U. This mode provides a rich variety of interesting 
physical processes (for a review see e.g. Ref. [ |[]). In particular, it allows complementary 
investigations of the top quark by using the reaction 77 —» tt. Similar to the process 
e + e~ —> tt, an accurate investigation of its threshold allows to extract m t and a s and 
even T t [ [7J. At high energies, the corresponding cross-section is larger than the one of 
e + e~ —> tt. The reaction 77 —> tt is particularly suited to study the top-quark-photon 
coupling [ U. 

At a center-of-mass energy of 500 GeV the cross-section for 77 —> tt amounts to 
cr ~ 0.8 pb and thus, assuming an integrated luminosity of 10 fb _ , gives rise to about 8000 
events, corresponding to a statistical error of roughly 1 %. At this level of experimental 
accuracy an investigation of the one-loop radiative corrections is in order. The one-loop 
QCD corrections have already been studied in Ref. [ || and found to be large. Since the 
top quarks can only be detected via their decay products, e.g. in t —> bW + , finite-widths 
effects of the top quark and irreducible background contributions, e.g. 77 —> bbW + W~, 
have to be taken into account. At tree level these contributions have been investigated in 
Ref. [ [TI]] . 

As far as the electroweak one-loop corrections are concerned, so far only the Higgs- 
dependent corrections have been calculated [ |TT[ and the Higgs resonance contributions 
have been investigated [ | 1 ^ . 


I 11 this paper we present the results of a calculation of the complete virtual and soft- 
photonic 0(a) radiative corrections to 77 —> tt in the SM. The calculation was carried 
out with help of Mathematica [ [13|. The Feynman graphs were generated and drawn 
by FeynArts [ |14|]. We performed two independent calculations, one using FeynCalc [ 
[Toll and one using an independent package for loop calculations. As the analytical result 
is very lenghty and untransparent, we refrain from writing it down in full detail. We 
indicate its general structure and give analytical results only for the most important 0(a) 
corrections. We discuss in particular the fermion-loop corrections, the leading effects from 
light fermions, the Coulomb singularity, the Higgs resonance, and the heavy-Higgs effects. 
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In the discussion of the numerical results of course the complete corrections are included. 
While we have calculated these corrections for arbitrary polarized photons and top quarks, 
we restrict the presentation to unpolarized top quarks in this paper. 

The paper is organized as follows: The notation and conventions are given in Section [^. 
Section j| summarizes the lowest-order results. The evaluation and general features of the 
higher-order corrections are discussed in Section [4]. the numerical results in Section |j. In 
the appendix we list some explicit formulae. 

2 Notation and conventions 

We consider the reaction 

7 (fci, Ai) + 7 (^ 2 , A 2 ) —* t(p,< 7 ) +t(p,a), ( 1 ) 

where A ])2 = ±1 denote the hclicities of the incoming photons and a, a — ± 1/2 the spin 
orientations of the outgoing top quarks. 

In the center-of-mass system (CMS) the momenta read in terms of the energy E of 
the incoming photons and the scattering angle 9 

K = £( 1 , 0 , 0 ,- 1 ), 

K = E{ 1,0,0,1), 

= E(l, — (3 sin 9, 0, — /3cos9), 

= i?(l,/3sin0, 0 ,/3cos0), ( 2 ) 

where f3 = yjl — m1 / E 2 is the velocity of the top quarks in the CMS. The Mandelstam 
variables are given by 

s=(ki + k- 2 ) 2 = (p + p) 2 = 4:E 2 , 
t = (ki-p ) 2 = ( k 2 -p ) 2 = m 2 — |(1 — (3 cos 9), 

u=(ki-p) 2 = ( k 2 -p ) 2 = m 2 — ^(1 ± /3 cos 9). (3) 

In order to calculate polarized cross-sections, we introduce explicit polarization vectors 
for the photons as follows 

e5‘(A: 1 ,A 1 = ±l) = --^(0,l,Ti,0), 

4(k 2 , A 2 = ±l)= -^(0,l,±i,0). (4) 

The scattering amplitude of 77 —> tt obeys Bose symmetry with respect to the in¬ 
coming photons and—neglecting quark mixing—also CP symmetry. Consequently, the 
hclicity amplitudes A4 aiA 2 o-ct are related by 

M Xl X 2 aa(s,t,u) = Mx 2 Maa(s,U,t) (Bose), 

M Xl X 2 aa(s, t, U) = M-X 1 -X 2 -a-a(s, U, t ) (CP), 

-MaiA^OM, u) = M-x 2 -Xi-a-<r{s,t, u) (Bose±CP). (5) 
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In the following we restrict ourselves to unpolarized top quarks. In this case, Bose 
and CP symmetry imply for the differential cross-sections (da AlA 2 /dfl) 


'da 


v dfl 
' dcr + ~ 

~dn 


(s,t,u) = 
( S,t,U ) = 


/ dcr ++ \ 

l, dfl ) 

l da _+ \ 


dfl 


(s,t,u) = 
(s,u,t). 


da 


±±' 


dfl 




( 6 ) 


This means that the cross-sections for equally polarized photons (±±) are equal and 
forward-backward-symmetric, and the ones for oppositely polarized photons (±=f) trans¬ 
form into each other via cos 9 —> — cos 6. 

In lowest order 77 —> tt is a pure QED process and therefore invariant under parity 
P. Hence, Born amplitudes and Born cross-sections obey the additional relations 


and 


Ai}iorn,\i\2(Tcr C Ad Born,—Ai—A2— cr—a (®, C 


d<7 ® orn -'l = [' 


(P), 


dfl J 


dfl J 


( 7 ) 

( 8 ) 


respectively. 

The scattering amplitude Ai can be decomposed into invariant functions iC v,A C anc | 
standard matrix elements (SME) Ad} V ’ A ^’*, which contain the whole information about 
the photon polarizations 

M=Y. F ?Mj + Y.F!'Mt (9) 


Assuming CP invariance and following Ref. [ 16], the SME can be chosen as 


7W{ V,A},t = u(p)fi(p- fa)fi { 1 , 75 } v(p), 

Aii Y,A},t = u(p ) (^1 - fo) {1,75} v(p) (e 1 ■ e 2 ), 

- a ^3 V ’ A} ' / = u(p) \ji(e 2 ki) -fc(£ik 2 )} { 1 , 75 }v(p), 

M {Y,A},t = u(p ) [f 1 (e 2 p) - fa( £ iP)\ {!,75 }v(p), 

-Mf’AR = ,y(p) _ ^2) {1,75} v(p) (£1 • k 2 )(e 2 • fci), 

Ml Y,A},t = u(p) (^1 - Jf 2 ) ( 1 ,75}«(p) (£1 -p)(e 2 -p), 

M { 7 ' A) ' i = u(p) (Jfi - lf 2 ) {1,75} v(p) [(£1 • k 2 ){e 2 -p) + (ei ■ p)(e 2 ■ h)}, 

Mii* = m t u{p ) v(p), 

Ai Y 2 = m t u(p) v(p) (£1 ■ £ 2 ), 

M™* = m t u(p) [filf^h) ± f 2 f 2 {£ik 2 )] {1,7 5 }u(p), 

Ad|y ,A} ’' = m t u(p) [filfi(£ 2 p) ± lf 2 f 2 (£ip)] {1,75}v(p), 

= m t u(p) v(p) (£1 • fc 2 )(£ 2 • fci), 

TWie 4 = m t u(p) v(p) (£1 • p)(e 2 ■ P), 

Aiff’ A},t = m t u(p) {1,75} v(p) [(£1 • fc 2 )(£ 2 -p) ± (£1 -p)(e 2 ■ A*)]. (10) 
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Figure 1: Lowest-order diagrams for 77 —>• tt 


Our choice of photon polarization vectors (£I|) implies 

£ikj = 0, i,j = 1,2, 


( 11 ) 


and thus the SME A 43 ^’^i 3 )15jl7 vanish. While the SME defined in (|T0|) are independent 
in D dimensions, in four dimensions the following relations hold for the non-vanishing 
SME 


0 = (t- u)[2Wf7’ 4 + - 2 M w / - 2 MX?] + 2s[MXi ~ M^], 

0 — (ut — rr4)[2Mi 7t + M^ - 2 M^} - 2 (t - m 2 t )(u - m t 2 )A4^ - 2 s[MX£ - 2 mX£], 

0 = 2M A,t + M A "'* - 2M A,t . (12) 

The Mj V,A ^ of PD are defined such as to obtain convenient expressions for f-channel 
diagrams. For u-channel diagrams it is useful to introduce a second set _Adf v,A i> n of SME 
which results from the Mj V:A>rJ by the interchange (fci,£i) (k 2 ,£2)- Of course, the 
Aljv.A},n can com pi e tely expressed in terms of the original set Mj V,A ^’ t . 


3 Lowest-order cross-section 


The two tree-level diagrams for 77 —> tt are shown in Fig. |1]. The corresponding 
amplitude is given by 


M b om = 4 tt Q\a 


’ M t 


Born ■ 


+ 


Born 


t — ml u — ml 


with 


M { ^ } n =MT {t ’ u} -M^i {t ’ u} , 


leading to the differential Born cross-section 
I d-UBorn 


dO 


= £ + + 
< 7,<7 


| M 


Born 


(13) 

(14) 


(15) 


where P, denotes the degree of polarization of the Pth photon, and N . t c = 3 represents 
the colour factor for the top quark. 
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Using the photon polarization states defined in (]4j) and summing over the top-quark 
polarizations yields 


d< U rn \ 
dU ) 


( d ^Bom \ 

V d n J 

( d ^Bom \ 

^ dU ) 


->4 2 3/5 


Q\ol — —6m“ + 3 rn^t — m/t + 14m^tu — 7 m t t u + t u 


2\2 


+ 3mpu 2 — 7m 2 tu 2 — mfu 6 + £ir / (t — m 2 )^(u — rn 2 ) 
4 2 3/3 ml(s-2ml)s 2 

Qt a 


s (t — m 2 ) 2 (u — m 2 ) 21 


4 2 30 (ut — m 4 ) (6 ml — 4m 2 t + t 2 — 4m 2 u + u 2 ) 


Qta 


(t — m 2 ) 2 (u — m 2 ) 2 


(16) 


The superscript “UU” denotes to the completely unpolarized case. Integrating over the 
symmetric angular range 9 cut < 9 < 180° — 9 cut , we obtain the total cross-sections 


UU 

^Born 


a 


±± 

Born 


a 


±=F 

Born 


4 2 


12nQ(a 


-0 


16 / 3771 '. 


4 2 m t( S 


48i:Q(a 


24vr Q\a 2 - 


(1 -0 2 )s 2 

2(3 


+ 


s 2 + 4sm? 


8 m( , 1 + 0 

- 1 In 


2 m 2 


1 - 0 2 


+ In 


1 + 0 


1-/5. 


1-/5. 


~ _ 40m 2 (s + 2 m 2 ) ~ 2 

(1 - 0 2 )s 2 


s 2 + 2 sm 2 — 4m( , 1 + 0 

-4-4 hi-4 

s 1-/5. 


(17) 


where 0 = 0 cos 9 cut . 

Figures [7| and |8| show the cross-sections integrated over two different angular ranges 
(#cut = 0°, 20°) for various polarization configurations. The angular cut reduces in partic¬ 
ular ciBorn a l high energies considerably. For energies close to threshold the cross-sections 
for unequal photon hclicities are suppressed, more precisely vanish like 0 3 for 0 —> 0 
while behave like 0. In the high-energy limit (with fixed 6 cut ) the cross-sections < 7 /^ 
drop like ln(s)/s and 1/s for 9 cnt = 0 and 9 cut / 0, respectively, whereas behave like 
1/s and 1/s 2 without and with finite angular cut-off, respectively. 

The angular dependence of the differential cross-sections is illustrated in Fig. [| at 
a/s = 350, 500, 1000 GeV. The cross-sections daf^/dhl are maximal in the forward and 
backward directions owing to the approximative t- and w-channel poles. These poles are 
cancelled in daB^/dhl by a kinematical zero such that these cross-sections vanish in the 
forward and backward directions. For low energies they possess a maximum at 90° which 
is split into two maxima for CMS energies above ^2(1 + )m t ~ 2.54m t . For higher 
energies these maxima occur at 0[rad] ~ m t /E and it — m t /E so that all channels become 
more and more peaked in the forward and backward directions. 


4 Radiative corrections 

4.1 Structure of the O(a) corrections and Feynman diagrams 

Using standard techniques (e.g. described in Ref. [|17|), we have calculated the com¬ 
plete electroweak virtual and soft-photonic corrections to 77 —> tt in 0(a) for arbitrary 
photon polarizations. We have performed two completely independent calculations which 
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agree numerically within 9-10 digits for the considered energies. The 0(a)-corrected 
differential cross-section takes the general form 


( 


da 

dn 


E \ (1 + UA.) (1 + p 2 \ 2 ) 

Ai ,A2,cr,cr 


NH 

647t 2 s 


IBom | 2 (1 + M + 2Re{A^ orn AM} 


/ daBorn \ 

\drT ) 


(1 + S), 


(18) 


where hsB denotes the soft-photon bremsstrahlung factor in 0(a), and SMI the one-loop 
corrections to the transition amplitude. The factor S represents the complete relative 
O(a) correction. For the integrated cross-section a, it is defined analogously 

dmax f2ir f \ 

a = / dcos# / d(/> ( — = a Bo m(l + 5)- (19) 

Jo mi„ Jo V d \l 


In the soft-photon approximation for the bremsstrahlung process 77 —> tty only pho¬ 
tons with energies below the cut-off energy A E -C E are included. The IR divergence is 
regulated by an infinitesimal photon mass A; it cancels against the IR divergence of the 
virtual corrections. The soft-photonic correction leads to the following correction factor 
to the lowest-order cross-section 



which can be easily obtained from the general results of Ref. [ [L7]] . 

The one-loop Feynman diagrams, which form the virtual 0(a) correction SMI, have 
been calculated in’t Hooft-Feynman gauge. The calculation of SMI can be split into two 
different steps. Firstly, one has to evaluate the interference of the SME with the Born 
matrix elements for fixed photon polarizations 

= Y j M\ VAU t ' u} x AR B ; rn , (21) 

cr,cr 


with i = 1,..., 7,11,..., 17 and j = t, u. These quantities are listed in App. |A[ The 
corresponding expressions for unpolarized photons, which can be obtained by averaging 
over the photon polarizations, were already given in Ref. [ [L 6 |. Note, however, that we use 
a different definition of the quantities Ml 3 ^. Secondly, one has to calculate the one-loop 
contributions SF/ V ’ A ^ to the invariant functions defined in (^). Technically the 

SF/ v,A} are expressed in terms of one-loop tensor integrals. The amplitude is generated 
with FeynArts [ 0 . Its reduction to coefficients of one-loop tensor integrals is carried 
out in Mathematica [ [13]], once using FeynCalc [ [R| once without. Following the method 


of Ref. ][L 8 [], the tensor coefficients are recursively calculated from the scalar one-loop 
integrals, which are evaluated according to Ref. [ |Rj . We have checked our numerical 
routines for the calculation of the scalar one-loop integrals against the package FF [ 0 ]. 
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The renormalization has been carried out in the complete on-shell scheme [ ITT], where 


all mass parameters represent physical masses, and all physical fields possess residues 
equal to one. Consequently, self-energy insertions in external legs of Feynman graphs do 
not contribute. We have checked that all UV singularities cancel. 

The relevant one-loop diagrams are classified with respect to their topology in self¬ 
energy, vertex and box corrections. Since the analytical form of the complete virtual 
corrections is very complicated and untransparent, we do not give the full explicit expres¬ 
sions. Instead, we list all relevant one-loop Feynman graphs and discuss only the most 
important radiative corrections analytically. 

The top-quark self-energy is the only two-point function occurring at one loop. The 
corresponding f-channel diagrams are shown in Fig. 0 The w-channel diagrams are ob¬ 
tained from those via “crossing”, i.e. by interchanging the incoming photon lines. For 
renormalization only the Z/ 1 -mixing energy is needed in addition. 

The vertex corrections can be divided into three very different classes. Firstly, there 
are At*t and Ati* vertex corrections in the t and u channel, where asterisks mark off-shell 
fields. The Feynman graphs for the At*t vertex corrections are shown in Fig. 0 the Ati* 
vertex graphs are obtained from those by reversing the top-quark lines. The second and 
third type of vertex corrections concern the AAZ* /x* and AAH* couplings, respectively, 
with x being the neutral would-be Goldstone boson field related to the Z boson. The 
(s- channel-like) diagrams are depicted in Figs. f|and[5|, and the corresponding corrections 
are discussed in more detail in the subsequent sections. 

The irreducible one-loop diagrams, so-called boxes, are shown in Fig. 0 


4.2 Gauge-invariant subsets of Feynman diagrams 

The classification of Feynman graphs according to their topology is very convenient 
for practical calculations, but as a matter of fact not based on physical grounds. This is 
due to the fact that the single vertex functions in general do not represent gauge-invariant 
subsets of diagrams. On the other hand, it is very desirable to decompose the complicated 
structure of the complete O(a) corrections into parts which are of different physical origin 
and can be discussed separately. Indeed, the fact that we omit here the QCD corrections 
is already such a separation. 

The process 77 —> tt can also be treated in pure QED, which is part of the SM. 
Consequently, all QED-like diagrams, i.e. the ones with only A and t fields as virtual 
lines, form a gauge-invariant subset. Thus, we define the one-loop QED corrections £qed 
by the sum of the soft-photon correction hgg and the contribution of the photonic one-loop 
diagrams shown in 0 c, [fj.g and 00 , their counterparts arising from particle interchange, 
and the corresponding terms in the top-quark field and mass renormalization. 

Since the number of fermion generations in the SM is a free parameter of the theory, 
each fermion generation yields a gauge-invariant subset of one-loop diagrams formed by 
fermionic loops. For 77 —> tt this set is furnished by the diagrams 0 a, 0 b, | .a, and 
their crossed counterparts. In the following we call these fermion-loop corrections <5f erm . 
Actually, the fermion-loop corrections to the AAH* vertex on the one hand and to the 
AAZ*/x* vertices on the other hand are separately gauge-invariant. This becomes clear 
e.g. by inspecting the process 77 —> tt within the gauged non-linear cr-model [ 01 . This 
model represents an SU(2)xU(l) gauge theory either, which is equivalent to the SM in 
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Figure 4: AAZ* and AA\* vertex corrections 



Figure 5: AAH* vertex corrections (Graphs n,o do not possess crossed counterparts.) 
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the unitary gauge without physical Higgs boson. However, in this model without Higgs 
field the AAZ*/x* corrections are identical with the ones in the SM. 

Of course, all virtual diagrams which are not contained in <5 q ED or <5ferm form a gauge- 
invariant subset, too. We call the corresponding corrections “bosonic” and denote it by 
<W In summary, we have the decomposition of the 0(a ) corrections 6 


S — 5qED + <5ferm + S bos• 


( 22 ) 


In the following we mainly concentrate on the non-QED or “weak” corrections defined 


as 


'weak 


— <Iferm + $1 


bos* 


(23) 


4.3 AAZ* and AA\* vertex corrections 


In ’t Hooft-Feynman gauge the fermion-loop contributions to the AAZ* and AAx* 
vertices (see Fig. [|) are given by 

2 a 2 


SM 


AAZ* 




5M AAx * = 


Mi 


SM 


AAZ* 


(24) 


where the relations (jl2|) between the SME have been used, and cw = M w /M z , s w = 
denote the sine and cosine of the weak mixing angle. The sum over runs 
over all (massive) fermions / with colour factor Nj, electric charge Qf, third component 
of weak isospin I'wj, and mass m/. In fl24[) C(s, m) denotes the scalar three-point function 
(see e.g. Ref. [ |lffl ’) 


C(s, m) = Co(s, 0, 0, m, m, m) = — In 2 

ZjO 


r + 1 


with r — \ 1 


Am 2 
s + ie 


(25) 


Note that the pole at s = M| drops out in the gauge-invariant sum of SM 
SM AAx \ 


AAZ* 


and 


S M aaz *+ aa x* = SM aaz * + SM AAx * 

2 “ 2 S 

f 


Sy/M-yy (t — U) 

2a 2 


s w^w 


\i^sm t 5 Xl x 2 S a a X] NfQ 2 fIwj m2 fC(s, mf). (26) 


/ 


Since SM AAZ * +AAx * is gauge-invariant, it is equal to SM AAZ * in the unitary gauge, which 
has been checked explicitly. 

As can be seen in (|26|), this correction only contributes for equally polarized photons. 
The top-loop contribution is enhanced by a factor m 2 /(s 2 v M 2 v ). Close to threshold an 
additional enhancement results from the scalar 3-point function which tends to 

_2 


C(s,m f ) 


n 

Ys 


( 27 ) 


such that these diagrams give rise to corrections of about 10%. 
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4.4 Higgs resonance 

The contribution of the AAH* vertex corrections (see Fig. |5j) reads (compare Ref. [ . 12 


SM 


AAH* 


where 


F H (s) y jt _ F H (s 

Alio — —- 


s-Ml 


s- Ml 


(3 \fsm t sgn(cr) 5 

Ai A2 ^crcr 5 


(28) 


F H ( S ) = 7 ^r\ -2 J2 N fQ 2 fJ^r [2 +(4 m 2 f -s)C(s,m f ) 


Mi 


w 


Ml 

M 2 W 


+ 6 + (Ml + 12 M^ - 7s) C(s, M 


wj 


(29) 


with C(s,m ) defined in (p5|). From (^ 8 |) we recognize that 5Ai AAH * vanishes unless the 


photons are equally polarized. While the fermionic part of F H (s ) is gauge-invariant, 
the bosonic part depends on the gauge. Equation (|29| ) is written down in ’t Hooft- 
Feynman gauge. Up to a proportionality factor containing the SME, 5A4 aah has the 
same analytical structure as the corresponding corrections to 77 —> W + W _ [ |22|] evaluated 
in’t Hooft-Feynman gauge. 

For s —> Ml the correction 5M . AAH * becomes resonant, i.e. hnite-width effects of the 
Higgs boson have to be taken into account. Introducing a constant or energy-dependent 
width via the substitution (s — M^) 1 —> (s — Ml + iMuTu)^ 1 clearly breaks gauge in¬ 
variance. Instead, we split SJ\4 aah * into a gauge-invariant resonant and gauge-dependent 
non-resonant part, and introduce a constant width only in the former, 


F 


Hi 


F h (M ] 


Ml 


Ml + iM u T } 


+ 


F H (s) - F H (Ml ) 


Ml 


(30) 


For a calculation with order 0(a ) accuracy also near s = Ml , one should take into 


account the 0(a) corrections to the Higgs-boson width [|23| and to F H (s ) in the resonant 
contribution, i.e. for s ~ Ml. Since the Higgs resonance is not our main concern, we only 
take into account the lowest-order decay width determined from the imaginary part of 
the one-loop Higgs-boson self-energy and (|29p for F H (Ml). 


4.5 Special features of the electroweak one-loop corrections 


Here we discuss some interesting peculiarities of the electroweak one-loop corrections 
to 77 —» tt. These are related to the fact that this process involves no light charged 
external particles and that the tree-level matrix elements involve only QED couplings. 
Similar features have been observed in the process 77 —> W + W~ [ |22j . 


(i) Coulomb singularity 

Near threshold every pair-production process of charged particles gets large photonic 
corrections which are due to the well-known Coulomb singularity. The relative cor¬ 
rection behaves like /3 -1 , more precisely it approaches asymptotically the universal 
factor 


OiTT 2 

(mCoul. ^"Born- 


(31) 
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Diagrammatically this correction originates from the box diagram | 6 ].o and its crossed 
counterpart and is contained in the QED part < 5 qed of the complete O(a) correction. 
The modifications of the Coulomb singularity owing to the finite top-quark width 
have been discussed in Ref. [ 

(ii) Leading logarithmic QED corrections 

Because 77 —* tt involves no light charged external particles, no large logarith¬ 
mic corrections associated with collinear photons arise for not too high energies. 
Consequently, the QED corrections are of the same order as the weak corrections. 

(iii) Heavy Higgs effects 

In the limit Mh s,m t , for fixed a, Mz, Mw, no large logarithmic corrections of 
the form ln(M^/|g 2 |) with q 2 = s, t, u, m 2 occur. In other words the 0(a) correction 
5 approaches a constant in the formal limit Mh —> 00 . The absence of In AL H terms 
is associated with the fact that the one-loop correction to 77 —> tt is UV-hnite in 
the gauged non-linear cr-model despite of its non-renormalizability. Inspecting also 
the finite terms in the heavy-Higgs limit, one finds that the SM one-loop corrections 
for Mh —)► 00 exactly coincide with the ones of the gauged non-linear cr-model. This 
has been explicitly shown in Ref. [ ^5[ , where the physical Higgs held of the SM was 
integrated out. 

(iv) Running a(q 2 ) and p-parameter 

Coupling constant renormalization often leads to large universal corrections entering 
via the running of the electromagnetic coupling a(q 2 ) or the p-parameter. For 
77 —► tt no such corrections exist since on-shell photons naturally couple with 
a(0) = a, i.e. completely independent of the weak mixing angle. Technically, the 
cancellation of the electromagnetic vacuum-polarization effects between charge and 
photonic held renormalization is due to a Ward identity. 
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5 Numerical results 


For the numerical evaluation we have used the following set of parameters 


m 


a = 1/137.0359895, 
M z = 91.187 GeV, 
m e = 0.51099906 MeV, 
m u = 46.0 MeV, 
wid = 46.0 MeV, 


GQ = 1.166390 x 10- 5 GeV^ 
M h = 250 GeV, 

77 V = 105.65839 MeV, 
m c = 1.50 GeV, 
m s = 150 MeV, 


m T = 1.777 GeV, 

m t =170 GeV, 

m h = 4.50 GeV. (32) 


The masses of the light quarks are adjusted such that the experimentally measured 

[0 


hadronic vacuum polarization is reproduced 


As the Fermi-constant Gn is empirically 


much better known than the W mass, Mw is calculated from all the other parameters 
using the muon decay width including radiative corrections. In this calculation of Mw 
all parameters given above enter sensibly. If not stated otherwise, Mw is determined in 
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the following using formulae (2.56) and (2.57) of Ref. 
yields 

M w = 80.333 GeV. 


28]. The above set of parameters 


Figure |7] shows the cross-section integrated over the full angular range and the cor¬ 
responding weak corrections for different polarizations of the incoming photons. In the 
energy range from threshold up to 1 TeV the weak corrections range between 0 and —10%. 
For oppositely polarized photons the corrections are about —4% close to threshold and in¬ 
crease smoothly to — 8 % at 1 TeV. For equally polarized photons the corrections amount to 
roughly — 10 % close to threshold, tend to positive values with increasing energy and reach 
zero at about 1 TeV. The large negative corrections close to threshold originate from top- 
quark loop corrections to the AAZ*/x* vertices that are enhanced by the large top-quark 
mass (see Section |4.3| ). Integrating only over the restricted angular range 20° < 9 < 160° 
affects the corrections only weakly, as can be seen from Fig. 

In Fig. |H we plot the weak corrections to the differential cross-sections for = 350, 
500, 1000 GeV. The angular dependence of the corrections increases with energy. For 
equally polarized or unpolarized photons the corrections are forward-backward symmetric 
and take their maximum for 6 = 90°. They are usually negative but become positive at 
high energies in the forward and backward directions. In the case of oppositely polarized 
photons the corrections are asymmetric with a maximum that moves from the forward 
or backward direction towards 6 = 90° with increasing energy. This maximum reaches 
almost —18% at 1 TeV. 

In Table |l] we list numerical values for the unpolarized cross-section and the corre¬ 
sponding corrections for several energies and scattering angles. We include the complete 
corrections corresponding to a soft-photon energy cut-off A E/E = 0.1, the QED correc¬ 
tions, the weak corrections and the fermionic and bosonic ones. These numbers show that 
the fermionic corrections dominate the unpolarized cross-section at low energies. At high 
energies the fermionic corrections are very small. They are completely absent for oppositly 
polarized photons. However, in this case the bosonic corrections are large (compare the 
figures). On the other hand, the bosonic corrections are usually below 1-2% for equally 
polarized photons. 

In Fig. 0 we present the cross-section for equally polarized photons including the 
weak corrections integrated over 0° < 6 < 100° for the Higgs-boson masses Mh = 350, 
400, 500 GeV. Owing to the relatively high threshold for 77 —> tt and the large width of 
such a heavy Higgs boson, the effect of the Higgs resonance is comparably small. I 11 fact 
a resonance structure is only visible in the range 400 GeV < M H < 500 GeV. 

Finally, we illustrate in Fig. 0 the M H -dependence of the integrated cross-section. 
Outside the Higgs-resonance region the variation is very weak, i.e. below ~ 1%. 


6 Summary 

The process 77 —> tt will allow studies of the properties of the top quark at high- 
energy photon-photon colliders complementary to the ones achievable by hadron-hadron 
and electron-positron colliders. In particular, it is useful to investigate the electromagnetic 
couplings of the top quark. 
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^Born / pb 




Figure 7: Integrated lowest-order cross-sections and corresponding relative corrections for 
several polarizations in the full angular range 
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^Born/ Pb 




Figure 8: Same as in Fig. |7] but with an angular cut 20° < 9 < 160° 
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Figure 9: Differential lowest-order cross-sections and relative corrections for the unpolar 
ized cross-section and the cross-sections with equal and unequal photon helicities 









Figure 10: Integrated cross-section (0° < 6 < 180°) for equally polarized photons including 
one-loop corrections for various Higgs masses 


a / pb 



Figure 11: Higgs-mass dependence of the cross-sections in one-loop order for Eqms 
400 GeV (0° < 9 < 180°) 









E 

9 

^Bom/Pb 

5 uu /% 

^qed/% 

o/% 


«/% 

350 GeV 

20 ° 

0.02663 

-6.74 

1.96 

-8.70 

-7.86 

-0.84 

45° 

0.02653 

-6.84 

1.95 

-8.79 

-7.72 

-1.07 

O 

O 

0.02634 

-6.97 

1.94 

-8.92 

-7.55 

-1.36 

20 ° < 9 < 160° 

0.31230 

-6.89 

1.95 

-8.84 

-7.65 

-1.19 

0° < 9 < 180° 

0.33248 

-6.88 

1.95 

-8.83 

-7.67 

-1.17 

500 GeV 

20 ° 

0.10877 

-2.40 

0.21 

-2.61 

-2.97 

0.36 

45° 

0.07929 

-4.53 

0.18 

-4.71 

-2.92 

-1.79 

90° 

0.05395 

—6.66 

0.14 

-6.81 

-3.14 

-3.67 

20° < 9 < 160° 

0.81785 

-5.12 

0.17 

-5.29 

-3.01 

-2.28 

0° < 9 < 180° 

0.90439 

-4.82 

0.17 

-4.99 

-3.01 

-1.99 

1 TeV 

20 ° 

0.09971 

-1.75 

-0.46 

-1.29 

0.02 

-1.31 

45° 

0.03367 

-7.66 

-0.57 

-7.09 

0.02 

-7.11 

O 

O 

0.01392 

-11.48 

-0.64 

-10.84 

0.03 

-10.87 

20 ° < 9 < 160° 

0.33208 

-7.45 

-0.56 

-6.89 

0.03 

-6.91 

0° < 9 < 180° 

0.43447 

-5.63 

-0.53 

-5.10 

0.03 

-5.13 


Table 1: Lowest-order cross-sections and relative corrections for unpolarized photons 
(<5qed is evaluated at A E = 0.1 E) 


We have calculated the complete one-loop virtual and soft-photonic radiative correc¬ 
tions to 77 —> tt for arbitrarily polarized photons in the electroweak Standard Model. 
All so-called leading universal corrections - such as the running of the electromagnetic 
coupling, effects of the p-parameter or leading QED logarithms - are absent. However, for 
equally polarized photons there are large corrections close to the threshold of the process 
owing to triangle top loops. 

We have presented a detailed numerical analysis of the lowest-order cross-sections and 
the weak radiative corrections. Below 1 TeV the weak corrections are in the range between 
0% and —10%. The fermionic corrections vanish for opposite photon polarizations and are 
otherwise small apart from the triangle top-loop contributions close to threshold. These 
dominate the corrections at small energies. At high energies, the bosonic corrections 
dominate in particular for oppositely polarized photons. 

Owing to the relatively high threshold the Higgs resonance is not very pronounced. 
Outside the Higgs-resonance the dependence of the cross-section on the Higgs-boson mass 
is very weak. In particular, the corrections are finite in the limit of a large Higgs-boson 
mass. 

In summary, our results show that the weak 0(a) corrections to 77 —> tt are needed 
in order to match a per-cent level accuracy. For a complete theoretical prediction QCD, 
QED and weak corrections as well as finite-width effects of the top quark have to be 
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combined. Moreover, a convolution with a realistic spectrum for the incoming photons 
has to be performed. 


Appendix 

A Interference of SME with the lowest-order matrix element 


We list the results for the non-vanishing interference terms (^Tj) for f-channel SME. The 
corresponding results for the u-channel SME are obtained by the following substitutions 


m \i\2,{V,A },«( ijt ) = M A2Al ’ {v ’ A} ’*(f,M) 
M \iX 2 = M A2A!,{V,A 


(33) 


Equally polarized photons: 


M ±±,v '*(l,f) = 8 (t — m 2 )(u — m 2 )(3m* — 3 m 2 t + t 2 — m 2 u)/ s 2 , 

M ±±,v,t (l,u) = 8 (t — j m 2 )(u — m 2 )(m^— tu)/s 2 , 

M ±±,v ' i (2, t) = 4(—2 + 2mff — m 2 f 2 + 4m t 4 « — 4 m 2 tu + 2t 2 w — rn/u 2 )/s, 

M ±±, V’ t (2, w) = 4(2m® — 4m^t + m 2 t 2 — 2m t 4 « + 4 m 2 tu + m 2 t u 2 — 2 tu 2 )/s, 

M ±±,v ’ i (4, t) = 4(m 4 — tu )(—‘+ 3 m 2 t — t 2 + m 2 w + tu)/s 2 , 

M ±±,v ’ t (4, w) = 4(m 4 — tu)(—‘ 4m^ + m 2 f + 3m 2 w + tu — u 2 )/s 2 , 

M ±±,v,t (6, t) = 2(m£ — tu){2ml — 2rn/t + m 2 f 2 — 4m 4 « + 4 m 2 tu — 2 t 2 u + m 2 u 2 )/s 2 , 
M ±±, V’ i (6,M) = 2(m< 4 — tu)(—2m® + 4m 4 t — m 2 f 2 + 2m t 4 « — 4 m 2 fw — m 2 w 2 + 2 tu 2 )/s 2 , 
M ±± ’ v,i (ll, t) = 4m 2 (2mf + 2 m 2 s — s 2 — 4m 2 f + 2t 2 )/s, 

M ±=b,v,t (ll,-u) = 8m 2 (m^ — tu)/s, 

M ±±,v,t (12,t) = 2m 2 (4m 4 — 2 m 2 t + t 2 + 2m t 2 « — 4hu — u 2 )/s, 

A/ ±±,v ’ t (12 , m) = 2m 2 (4mt + 2m 2 £ — t 2 — 2 m\u — Atu + u 2 )/s , 

M ±±,v ’ i (16, t) = m 2 (m 4 — tu)(— 4m 4 + 2 m 2 t — t 2 — 2 m 2 u + 4hu + u 2 )/s 2 , 

M ±±,v,t (16, w) = m 2 (m 4 — tu)(—Am/ — 2 m 2 t + t 2 + 2m 2 w + 4hu — u 2 )/s 2 . (34) 


All axial SME for equally polarized photons that do not violate CP-invariance vanish 
after contraction with the Born matrix elements 


z = 1,..., 17, j = f,m (35) 

Oppositly polarized photons: 

M ±T ’ V ’*(M) = M ±qF ’ v ’*(l,w) = M ±T ’ v ’*(4,f) = M ±t ’ v ’*(4,m) 

= 4(m 4 — fw)(— 6mt + 4m 2 £ — t 2 + 4m(« — u 2 )/s 2 , 

M ±: F’V’ t (6, f) = M ±T,v,t (6, w) = 2(f — u)(m 4 — tu) 2 /s 2 , 

M ±=f,v ’*( 14, f) = M ±T,v,t (14, m) = 4m 2 (m^ — £w), 

M ±T,v ’ t (16, t) = M ±T,v,t (16,«) = -4m t 2 (m t 4 — tu) 2 /s 2 , 


M ±T ’ A,t (l, t) = M ±qF,A,t (l, u) = M ±T ’ A ’*(4,£) = M ±:F ’ Alt (4,M) 
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( 36 ) 


= =f4 (t — u)(m * — tu)/s, 

M ±T ' A,t (6, t) = M ±T ’ A ’'(6,u) = ±2 (mi - tu) 2 /s , 

M ±T ’ A ’*(14,t) = M ±t ’ A ’'(14,m) = ±4 m 2 (mt-tu). 
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